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ABSTRACT

This report presents the results obtained irom applying an
| adaptive time-domain maxirnum likelihood multichannel filtering processor
to simulated mixed-event aata from the Korean short-period array. Com-
8 parisons between adaptive processing and beamsteering are based on the
amplitude rise of the beam output after the arrival of an on-azimuth signal
: buried in a stronger off-azimuth interfering event. Four mixed-event simu-

lations with various adaptive-filter operational specifications are performed in

; this report.

4 Neither the Advanced Research Projects Agency nor the Air Force
Technical Applications Center will be responsible for information contained
herein which has been supplied by other organizations or contractors, and this
document is subject to later revision as may be necessary. The views and con-
| clusions presented are those of the authors and should not be interpreted as

'L ; necessarily representing the official policies, either expressed or implied, of

{ J the Advanced Research Projects Agency, the Air Force Technical Applications
Center, or the US Government,
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SECTION I
INTRODUCTION

A, PURPOSE OF THIS STUDY

The first objective of the signal estimation task in the VELA
Network Evaluation and Automatic Processing Research program (Project
VT/5705) is to investigate 1nd report on new techniques for optimally detecting
the arrival of a second seismic event buried in the coda of a first-arriving

event at various signal-to-noise ratios.

This report deals with results obtained from operating a maxi-
mum likelihood adaptive beamforming system on Korean short-period data for

mixed-event separation,

B. DESCRIP TION OF KOREAN SHORT-PERIOD ARRAY

Figure I-1 depicts the geometrical configuration of the Korean
Short-Period Array, which is a 19-clement hexagonal array. Table I-1 gives

the array sensor locations.

C. DESCRIPTION OF THE MAXIMUM LIKELIHOOD ADAPTIVE FILTER
ALGORITHM

The adaptive filter output y(t) at time t is formed by applying

a convolution filter to each channel and summing the outputs of all filters:

M N
CIEED DD DN RN ) (1-1)

i=l  j=-N




A
8
. 1]
1 9
.
19
.
2 10
™ ™
18 1
°
11 E
3 °
1
Py °
6
17 ®
. 12
° L
5
s :
16 ™
™
13
15 °
™
14
™
T |
.
FIGURE I-1 ]

KOREAN SHORT-PERIOD ARRAY GEOMETRY




TABLE I-1

KOREAN SHORT-P%RIOD SENSOR %OCATIONS
(Reference Location (37 27'14" N, 127 55' 24" E) )

Sensor
Number

East (X)
Kilometers

North (Y)
Kilometers

O oo ~N o0 » s w -

R S R O o BT O ol L
\Om\IO‘mAwNHO

-2, 34
-1.55
-0. 26
-0.05
-2.53
-4.32
-4. 24
-2.85
0.13
0. 86
2.90
1,95
0. 81
-1.08&
3. 25
-5. 80
-7.10
-6.75
-4.72

. 24
4.35
2. 37
-0.01
0.I1
1. 61

I-3




where a (j) is the filter weight for the i-th channel at a lag of j sample
i

points, X, (t-j) is the value of the channe! i attime t-j, M is the number of
i

channels, and 2N+ 1 is the total length of the filter in points. Prior «©

forming the filter output, cach channel is time-shifted to time-align energy

arriving from the desired steer direction.

The adaptive filter weights are updated by the following

algorithm:

new old

a (i) = a0+

M N
> X

iz1 j=-N

where

M
- - 1 .
R DA

=l

and p controls the adaptation rate. This update algorithm incorporates the maxi-

mum likelihood cons traints.

In vector form, the adaptive-beamforming filter upd

may be written

T
a(ts 81 - Ay = ZEEAE

gy
X X

2 y() [x(t-) =% (t-i)] (I-2)

(I-3)

’ (1'4)

where the superscript T denotes vector transposée, and where the filter

weight vecior A, the data vector X, and the beamsteer

respectively,

output vector X are,

ate equziion




s .’11 (-N) .\:1 . (tt N) ((E_hx) ]
ul . au (-N) xM(t+N) X(t+ N)
5 - _ | A ot - =
a“d - . - - . L B — o
A= a, (@ X = x, o Sl ‘(:‘) s (1-5)
a : (0) £3 : (1) X(t)
M M
L 4 _ iy b | o

The objective of maximum likelihood adaptive beamforming

is to reduce the average squared filter output

2 - aTx xTa = Al xxTa (1-6)

subject to a set of signal-preservation constraints on the filter vector A.

After preshifting the input channels to time-align energy from the look

direction, these constraints can be written

M

Z a () = d(i) (=N, oo s =1,0,1, ooo N), (I-7)
i=1

I-5
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where the constraints d{j) specify a convolution filter having the desirec fre-

quency response on a signal from the steer direction. For the adaptive beam-
forming employed in this study, a {lat freguency response is specified by set-

ting

a6 = 8, (j==N, ... ,-1,0,1, ... N, (1-8)

where 8.1j is the Kronecker delta operator

1 ifi= j
.. = (I-9)
& 0 ifi #j

D. ORGANIZATION OF REPORT ;

Section II presents the results of mixed-event simulations which
examine the pnssibility that adaptive beamforming can detect signals buried in
off -azimuth interfering events when the conventional beamsteer processor can-
not. The simulation process is performed by scaling two individually recorded
data samples and summing them to create a composite sample used in the
adaptive- filter update procedure. The adaptive filter is then applied to the
two data samples separately to form two separate beam outputs which are sub-
sequen’ly added to create a composite beam output. The detection capability
of adaptive processing is determined from a measurement o1 the amplitude rise
on the composite trace after the on-azimuth event arrival. It this report, the
results from four mixed-event simulations with various adaptive-filter oper-

ational specifications using Korean short-pericd data are presented, Long-

period results using ALPA data have been included in a previous report i

(Barnard and O'Brien, 1974).

Section III presents the conclusions of this study. References

are given in Section IV,

I-6
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i SECTION II
. INTERFERING-EVENT RESUL TS
X A. DISCUSSION
e
| - The ability of adaptive beamforming to detect an on-azimuth
| BE event buried in stronger off-azimuth interfering events has been successfully
v demonstrated using Alaskan Long-Period Array data 'Barnard ard O'Brien,
1 s 1974). In this long-period study, maximum likelihood time-domain adaptive
|
E beamforming in one simulation achieved a 6 dB amplitude rise after the
l -t arrival of an on-azimuth signal in the presence of an interfering event 30 dB

above the target signal at the single-sensor level. For Rayleigh waves, on
the average, adaptive beamforming provided an array gainof 12 dB (0.6 mag-
nitude unit<) over beamsteering. In addition to the detection improvement for
the on-azimuth signal buried in the off-azimuth interfering events, adaptive

beamforming also provided a reasonably accurate estimate of the on-azimuth

signal's maximum peak-to-peak amplitude in the long-period results, where
the error in estimating the on-azimuth signal strength was less than 0.1 mag-
nitude units. These promising results suggest the use of this particular algo-

rithm for P-wave interfering-event separation,

The next subsection describes the mixed-event simulation pro-
cedure. Subsection C discusses t.'e results obtained from the Korean short-

reriod array data. These results are limited to the four mixed-event simula-

tions conducted during this contract period with various adaptive-filter opera-
tional specifications. A brief summary of the results is presented in Subsection

D.

II-1




B. SIMULATION PROCEDURE

In the situations where two wavetrains from two separate events
pass an array simultaneously, these wavetrains will overlap to form mixed
events. Array processing techniques atteript to separate the mixed events by
steering the array toward the target sigral toattenuate the off-azimuth inter-
fering-cvent energy. However, as the data are actually recorded, there is no
evaluation method which can reliably isolate the energy contribution from each
of the two mixed events. Herce, the most realistic method to evaiuate array-
processing techniques such as beamsteering or adaptive beamforming is to
rely on a simulation procedure in which two data samples, each containing
one signal, are added to create a composite sample including the overlapped
wavetrains of the on-azimuth signal and the off-azimuth interfering event.
Such a simulation can be designed t) include a number of parameters through
which various physical situations can be studied. In specifying the parameters
for a mixed-event simulation, the relative signal strength of the two events,
the incoming directions of the two signals, and the time separation of their

arrivals can be controlled to illustrate the real-world situatiors.

Figure II-1 presents a schematic diagram for the simulation
procedure. As shown in the figure, the basic mixed-event simulation procedure
~ums two data samples: one contains the on-2zimuth signal and the other in-
cludes the off-azimuth interfering event. Before summing the two samples to
form a composite sample, each input channel of the two samples passes
through the same zero-phase prefitter. The on-azimuth signal sample is
time-shifted to time-align the target event. The interfering event, on the other

hand, can be shifted from its true azimuth and appareat P-wave velocity to

the desired incoming azimuth and veloci'y before beamforming so that the

interfering event will appear to come from a fictitious location in the simulation.

T ] P P ——
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The shifting of the interfering event azimuti and velocity is accomplished by
re-adjusting the time delays for the input channels of the interfering-event
sample. Following the formation of the composite sample, a time-domain
adaptive multi-channel filter is designed from it. Initially, a beamsteer
filter is used, and, after initialization, the adaptive tilter updates its filter

weights according to the update equation

28X TA (X-X)
X Tx

A(t+At) = A+

The computer softwar: package can simultaneously update the filter sets for
2s many as twaontv adaptive convergence rates i in a single processing run.
The adaptive filter sets are subsequently applied to each individual data sample
to form separate beam outputs for the on-azimuth signal and the off-azimuth
interfering event. Finally, the ABF beam for the on-azimuth signal and the
ABF beam for the off-azimuth interfering event are combined to form the
composi.c ABF trace. The time-shift- and- sum beams for the on-azimuth
signal and the off-azimuth interfering event are formed similarly and subse-
quently are added to form the beamsteer composite trace. The composite
traces in the simulation are the only beam outputs which are available in

real -world situations. The cvaluation of adaptive processing performance
relative to beamsteering is based on a comparison of the composite traces for
the time-shift-and-sum and adaptive beam outputs. However, in order to
facilitate an understanding of the beamforming processes involved in the
mixed-event si‘uations, the individual sample beams for the on-azimuth signal
and the interfering event are plotted along with the composite trace for the
beamsteer output and the specified adaptive-beam outputs. Evaluation of
adaptive beamforming performance relative to beamsteering is accomplished

on the basis of the composite-trace beams.



.

© RESULTS
. C.eneral

The principal goal of this subsection is to examine the detection
performance of adaptive beamforming relative to beamsteering for short-period
interfering events simulated by adding two suitably preprocessed data samples
from the Korean Short-Period Array. A secondary objective is to evaluate the
reliability of the pecak-to-peak amplitude on the composite-sample adaptive
filter output as an estimate of the on-azimuth signal's peak-to-peak amplitude.
Because this is the first application of adaptive multichannel filtering to Korean
Short-Period Array data, this evaluation also provides an opportunity to gain
an understanding of the optimal choice of processing parameters such as the
prefilter applied to the data before beamforming and the azimuthal separation
between the interfering event and the target event. In most cases, the adaptive-
filter length is 31 points per channel. A shorter filter length has merit in on-
line system operation if it does not substantially degrade ABF performance.
Therefore, other shorter adaptive filter lengths such as a 15-point filter length
and a 7-point filter length are also tested. At various points in this subsection,
four events are used to simulate mixed events, Table II-1 lists the pertinent
data for these events., Each of these ¢vents is considerably stronger than the
background noise level. Signal siinil~rity varies from event to event and
from passband to passband. It will be discussed as the necd arises. The con-
vergence rate M for the adaptive filter upda‘e is allowed to vary in each pro-
cessing simulation in order to observe the effect of the convergence rate on

adaptive processing detection cain relative to beamsteering.
2, Prefilters Used

Since both the signal and noise spectra for the Korean Short-

Period Array data are still not well understood at this time, a number of

II-5
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prefilters have been designed for the mixed-event simulations. Figures II-2

through II-6 show prefilter responses in dB for the five prefilters emploved

in this study. Figure II-2 displays the response for the prefilter with a 1.0-
2.0 Hz passband centered at 1.5 Hz. The esponse at 0.0 Hz is below -120 dB
so that the d.c. bins can be removed. Figure II-3 shows the response of a pre-
filter with the lower-frequency passband 0.5 - 1.5 Hz centered at 1.0 Hz.

The corresponding response for a prefilter with a wider passband (1.0-3.0 Hz)
is illustrated in Figure II-4. Figures II-5 and II-6 cisplay the response of two

prefilters with 0.5-1.0 Hz and 1,25-1.75 Hz passbands, respectively.

31 First Mixed-Event Simulation

To simulate the first mixed event, the data samples for the Banda

Sea event and for the event from off the coast of Hokkaido are summed. The

formerevent is from day 119 and serves as the on-azimuth signal, while the

latter event is from day 169 and serves as the »{f -azimuth interfering event.
Start times for the two data samples were chosen so that the day 119 on-azimuth

event arrives about 30 seconds later than the day 169 interfering event, The

interfering-event azimuth was shifted from 64.30° to 357.16° to achieve a 180°
azimuthal separation from the target event, which has a 177, 16° arrival
azimuth relative to the Korean Array. The P-wave velocity for the day 169
inte1fering event was also shifted from the 9.08 km/sec true apparent velocity
to the 13.86 km/secc target event velocity. Twelve sites (all but sites 1,2,5,9,
10,11 and 15) constitute the channel inputs to the beamformers. The event

separation level is adjusted by scaling either the on-azimuth signal or the

off-azimuth interfering event

In this first mixed-event simulation, the data traces from the

day 119 event were scaled so that the averaged peak-to-peak amplitude of the

target signal at the single-sensor level is 12 ¢B less than the corresponding

averaged amplituae of the day 169 interfering event.
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Figure II-7 illustrates the beamsteer output traces for the
first mixed-event simulation. The upper tracc is the beamsteer outrut for
the day 119 data sample with the on-azimuth signal. The middle trace is the
beamsteer output for the day 169 data sample with the interfering event shifted
to a 357. 16° azimuth. The bottom trace is the composite-sample beamsteer
output formed by summing the upper and middle traces. The input traces for
the day 119 event were scaled to a level 12 dB below that of the day 169 intex-
fering event so that the comosite trace for the adaptive beamformer has a
6 dB amplitude rise. Figure II-8 shows the adaptive beam oulputs for the
convergence rate H = 0. 3, Signal similarity for the day 169 interfering
event is poor and the relative channel strength varies with time. This event
lasts considerably longer than a typical P-wave event. The amplitude rise
on the ABF composite trace is 6 d3, while the beamsteer output yielded
3,8 dB for the corresponding peak-to-peak measurement. In this case, the
best ABF improvement is 2. 2 dB over beamsteering on the basis of peak-to-

peak amplitude measurements on the composite traces.

In Figure 1I-8, the composite trace has a 6 dB borderline de-
tection. Once the detection is declared, the next mosj important consideration
in evaluating the adaptive beamforming performance is the accuracy with which
the peak-to-peak amplitude on the composite trace reflects the peak-to-peak
amplitude of the on-azimuth signal. Measurement of the peak-to-peak ampli-
tudes on the upper trace and composite trace for the on-azimuth signal winddw
yields the same amplitude, as shown in Figure II-8. Therefore, the amplitude
on tilc composite-trace adaptive beam for this mixed event furnishes a: accurate o
bodywave magnitude estimate for the detected on-azimuth signal if the adaptive

resulting apparent period of signal remains uncnanged.

As mentioned earlier, adaptive beamforming yields only 2.2 dB

improvement over beamsteering on the basis of peak-to-peak amplitude measure-

ments on the composite traces in Figures 11-7 and 11-8. However, it does not
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necessarily follow that the beamsteer output will be able to produce a 6 dB

amplitude rise for an on-azimuth event with a bodywave magnitude 0. 11 units
higher. To demonstrate this fact, the day 169 on-azimuth event was re-
scaled so that the beamsteer output on the composite trace is able to achieve
the same 6 dB amplitude rise on the basis of peak-to-peak amplitude measure-
ments over the same time windows. For this reason, Figure II-9 displays
the beamsteer output traces. Tlie composite trace in this figure has the same
6 dB amplitude rise as the corresponding adaptive trace in Figure II-8. But
the off-azimuthk event input channels in Figure II-9 are only 7.6 dB above the
on-azimuth event at the single sensor level. Hence, comparing the single
sensor levels for Figure II-8 and those for Figure II-9, adaptive beamforming
actually yields 4.4 dB improvement over beamsteering in this mixed-event
simulation. Figure II-10 shows the corresponding adaptive beam output at the

7.6 dB cvent-separation level, where the amplitude rise on the composite trace

is 8.5 dB.

At the 7.6dB event separation level used to produce the results
of Figures II-9 and II-10, the composite-trace adaptive filter output again gives
a more accurate estimate of the event strength. For the beamsteer output on
the composite trace in Figure II-9, the peak-to-peak amplitude over the on-
azimuth signal window is 2.2 ¢B, or 0.11 magnitude units, higher than that
of the upper trace due to the energy from the interfering event. In the case of
the adaptive filter output, the peak-to-peak amplitude on the composite trace in
Figure II-10 is about 1.1 dB lower than the corresponding amplitude on the

upper trace.

To examine adaptive beamforming performance at various
convergence rates for this mixed-event simulation, Table II-2 tabulates the
amplitude-rise results and the ratios of the composite-trace amplitude to the

corresponding upper-trace amplitude over the on-azimuth signal window for

the various beams. The results in this table are from the output beams at the




uQ oY) 240qV €Pp 9 'L IudAaF Furiaziaiul ¢o9s /wy 98 "¢ 1

(pueqss®d zH 0°2-0°1 ‘1eud1s ynwizy-
Surzoyisul ‘ 91 °LL1 WNWIZV 1eud1s)

£310019 A judaeddy 1eud1s .ooa *1G6€ YINWIZY Ju3Ad

€161 A0 691 ANV 611 SAVA WOdA ILNFAT AIXIN FHL ¥0d LNd1InoO YIILSWVIL

6-11 IUYNDIL

2oea ] 211sodwo)

juaay SBuraazaajul

t

LT, Y/ 1/691

Teudis yinwizy -uQ

oy

A oaas aa lB oS e andl

A 4 yyrw

00°/0°10/611

00°80°10/611




—

(pueqssed ZH 0°2

yInwiz y=-uQ ayl saoqy dp 9 °L uaajg gurrajasjuy ‘D9s /Wy g8 "¢ 1 £1100719 A judzeddy
91 °LCE WNWIZY IUdAF 3urrajraiu] .oﬁ *LL1 yIinwzy [eudis ‘¢ o =1)
5TE SAVA WOYJI INIAT dAXIW FHL 404 1nd10n0 49V

[eudis
€L6T A0 £LIT ANV E

01-II JYNDIL

.:___.“...__.

9o ] 93i1sodol)

juaAag TulxajIalyl

Al e

II-18

L1 °6h "2 1/681

[eudlg uinwilzy uQ

00°/0°10/e11




-

Teudts

‘ _
| (ap)
i yInwiizy-uQ I0j apm

-1 €17 © 9°0 w S s (G 9°¢ A =g -1dwy 9dexl-1addn
o1 apnitydwuy adea]
-911sodwio) jo ouey
(gp)
67 | 9°F & "8 | 9% 8¢ ¢k (GG 8¢ sty
spmidwy
D 1® 0 ~m.o 8 | 17| 5070 10°0| <0070

Surasalsweagq

sajey 9ouaSiaauo) aaudepy

A

(pueqssed zH 0°z-0°1 ‘TRuSIiS YINWIzy-uQ 3yl 240qV dp 21 3usrd
‘09s /i gg *¢1 A11D0T2A juszeddy reudis 21 Lot YINWizy 1UdAd
Butzeyraru]l ¢ 9T LLT WNWIZY TPUBIS) €161 40691 ANV 611 AVA WO¥J
mm.H<.m FONIDYIANOD FALLIVAY SNOIEVA ANV
ONIYIALSINVIL ¥0d SADVUIT IALISOdWOD JHL NO
(gp) SOILVY IANLITANY AVIJ-OL-MVId

2-11 I1dVL

II-19



12 dB event separation level. Some of these results have been discussed pre-
viously in comparing the detection thresholds for beamsteering and adaptive
beamforming. At low convergence rates, adaptive beamforming suppresses
the on-azimuth signal more than the off-azimuth interfering event. Therefore,
tue amplitude rise valucs for the adaptive convergence rates less than 0.1 are
slightly lower than those of the beumsteer output, and the beamsteer amplitude
rise is equal to that of adaptive beamforming at the convergence rate K = 0.05,
For the convergence rates greater than 0.1, adaptive beamforming is able to
suppress the interfering event more than the on-azimuth signal. This fact

results in the ABF improvements over beamsteering. The maximum amplitude

rise in the table is 6 ¢B at the convergence rate H = 0,3. For the convergence

rates greater than 0.3, the interfering event amplitude remains about the same,
but the on-azimuth signal amplitude is lower than that of the adaptive beam for
K = 0.3. As a result, the amplitude rise is lower. The ratio of the composite
trace signal amplitude to the upper-trace amplitude for the time-shift-and-sum
beams is 3. 1 iB. For adaptive beamforming, this ratio is greater than 3.4 dB
for the convergence rates less than or equal to 0.01 and is equal to zero for the
adaptive beams at K = u.3, where the amplitude rise is the highest. At the
adaptive convergence rates greater than 0.3, the composite-trace signal is

attenuated.

Various ABF operational specifications were tested for this
mixed-event simulation using the events from days 119 and 169. These speci-
fications include the prefilter passbands and the number of adaptive filter
weights per channel. Table II-3 tabulates the amplitude rise on the composite-
trace for the beamsteer and adaptive beam outputs. The on-azimuth signal
attenuation as well as the interfering event suppression by adaptive beamforming
relative to those of beamsteering were also included in the next-to-the-last two

columns of the table.
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In the 0, 5-1.5 Hz passband, the waveform similarity for the
on-azimuth event of day 119 is poor and the relative strength of the channels
varies with time. Therefore, both the beamsteer and adaptive amplitude rise
values are the poorest among the passbands shown in the table. The ABF
improvement relative to beamsteering is also the poorest for this mixed-event
study. Two things occurred with this passband. One is that adaptive beam-
forming was not able to suppress the interfering event at any of the convergence
rates specified. The other is that, at the higher convergence rates, mutual
cancellation is responsible for the negative results relative to beamsteering

at the higher convergence rates.

In one case, a T-point adaptive filter length was used for the
1.25-1.75 Hz passbhand. At the one-decisecond sampling interval, the 7-point
fitter length covers one cycle at the center frequency for that passband. In
comparison with the results in the next row of the table, the 0,6 dB increase
in the ABF gain is probably not enough to justify using that adaptive filter
length., However, the best convergence rate for this filter length is M =0,4
in contrast to M = 0.05 for the 31-point filter length, which had mutual can-
cellation at the higher convergence rates. If operating at the high convergence

rates only, this is worth noting.

In concluding this first mixed-event simulation, the adaptive
amplitude-rise results are, in general, about 2.0 dB better than for beam-
steering. The waveform similarity and the time stability of the relative
channel strength are also poor for the day 169 interfering event. The fact
that the envelope chape {or the input channels varies significantly across the
array makes it difficult for the ABF processor to suppress the interfering cvent,
In terms of the ABF detection improvement relative to beamsteering, adaptive
beamforming can reduce the bodywave detection threshoird by about 0.2 magni-

tude units from the beamsteer level for this mixed-event simulation,
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4, Second Mixed-Event Simulation

The second mixed-event simulation employs the same Banda
Sea event used in the first mixed-event study as the on-azimuth signal and uses
the Alaskan event from day 145 as the off-zzimuth interfering event, Criginally,
the interfering event has a 47. 64° azimuth and a 15.1 km/sec P-wave velocity.
In this simulation, the true azimuth of this event was shifted to 357, l()o and
87. 160, while its true velocity was shifted to that of the on-azimuth signal.
The start times for both samples were adjusted so that the on-azimuth signal
arrives about 18 seconds later than the interfering event.  This interfering event
lasts about 30 scconds, considerably less than the first one from day 169. Four-

teen sites were used for the input channels (all but sites 9, 10, 11, l¢, and 19).

Initially, the interfering-cvent azimuth was shifted to 357. 16°
and the on-azimuth signal was scaled so that the interfering ¢ vent is about
18 ¢B above the target signal at the single-sensor tevel. No 6 dB amplitude
rise was achieved on either the bea asteer as the ABF output. Subsequently,
the single-sensor input level for the on-azimuth signal was raised to 12 dB less
than that of the interfering event. Using a filter length of 31 points per channel
at this event-separation level, adaptive beamforming was stillt unable to achicve
a 6 dB amplitude rise. However, using a 7-point-long adaptive filter and
shifting the interfering event azimuth to 87.16° or 90° separation betveen tle
two events adaptive beamforming is able to suppress the interfering cvent
enough to achieve a 6 dB amplitude rise at the event-separation level where
the interfering event is 16 dB3 above the on-azimuth signal at the single-sensor
level. Figure II-11 displays the beamsteer output, where the amplitude rise
is -1.6 dB on the composite trace. The corresponding adaptive beams foi
K=0.5 are shown in Figure 1I-12. A 6 dB amplitude 1ise is achieved on the
composite-trace beam. At this high convergence rate, adaptive becamforming
suppresses the interfering event 11.5 dP more than beamsteering, but degrades
the on-azimuth signal 3.8 dB relative to beamsteering. This fact results in

the 7.7 dB detection gain for this simulation. The signal amplitude on the ABI
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composite trace 1s 3.5 dB lower than the upper-trace amplitude. This reduc-
tion is due to relatively severe mutual cancellation of the two interfering events.
As a matter of fact, the beamsteer output on the composite trace for the on-
azimuth signal was 2.9 dB higher than on the upper trace because of the inter-
fering-event energy. Conse uently, the actual composite-trace signal degrad-
ation by the ABF processor reiative to beamsteering is about 1 dB. In order to
{ind the detection threshold reduction for this case, the event-separation level
was re-adjusted so as to uchieve a 6 (B amplitude rise on the beamsteer output.
Figure IT1-1 shcws the time-shift-and-sum beams when the interfering event is

5 dB above the on-azimuth signal at the single-sensor level. In other words,

the threshold for a 6 dB amplitude rise is 11 dB, or .55 magnitude units lower
for adaptive beamforming than for beamsteering. Figure II-14 shows the corres-
ponding adaptive beams, where an 18. 8 dB amplitude rise is achieved in the com-

posite trace,

Table I1-4 tabulates the amplitude-rise results for various ABF

operational specifications in this mixed-event simulation. Using the 1.0-2.0 T
Hz passband, the 31-point adaptive filter length at 180° azimuthal separation ¥
vielded a 2.1 dB improvement relative to beamsteering., A slightly lower im-
provement value is obtained using a 7-point filter length. Greater improvement
values are obtained at a 90” azimuthal separation for both the 31-point and 7-
point filter tengthe  Using the narrower 1.25-1.75 Hz passband, the detection t
gain is comparable with that of the 1.0-2.0 Hz passband at the 12 dB event
separation level, butis 1.4 dB less for the larger 18 dB event separation level,
as indicated in the table. A 6 dB ABF detection gain is achieved for the 1.0-
3.0 Hz passhand. This increased ABF improvement can be attributed to mutual
cancellation on the time-shift-and-sum beam. This case is an exception, For
the 0.5-1.5 Hz passband, the results are, in general, the worst among the pass-

' bands shown. A partial explanation for these results is the poor waveform simi-
tarity and the time-varying relative channel strengths for the on-azimuth signal
in this passband (as discussed in the last mixed-event simulation, ) A 15-point

adaptive filter length was also specified in order to compare its adaptive filter per-

formance with that of the 31-point filter length, In this case, a 3,5 dB lower
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detection gain relative to the 31-point-filter length was obtained. The 180 azi-

muthal separation for this mixed-event from days 119 and 145 yielded only
slightly better detection gains than the previous simulation using the cvents
from days 119 and 169, even though the day 145 interfering event has better
waveform similarity and less instability in relative channel strength, However,
at a 900 azimuthal separation between the intertering event and the on-azimuth
signal, an adaptive-beamforming amplitude rise 11 dB (0.55 magnitude units)
higher than that of beamsteering was achieved with the same two events using

a 7-point adaptive filter length, Comparison with the 0.1 m, unit reduction
achieved with a 180° azimuthal separation and a 31-point filter length suggests
that adaptive beamforming performance varies considerably and depends

strongly on the specific operational situation encountered,
.. " Third Mixed-Event “imulation

The third mixed-event simulation combines the day 145 Alaskan
event, which was uscd in the second mixed event simulation as an off-azimuth
interfering event, and the day 125 event from the Solomon Islands region. The
Alaskan event in this simulation serves as the on-azimuth signal, while the
Soloman Islands event, with a 143, 690 azimuth and a 52. 85° epicentral delta
relative to the Korcan Short-Period Array, serves as the off-azimuth inter-
fering event. The interfering event azimuth was shifted to 227.64° and, in
some cases to 137. 64° 1o achieve 180° and 900 azimuthal separation between
the two events, while its apparent P-wave velocity was shifted to 15.10 km/ sec,
which is the on-azimuth event P-wave velocity. The start times for the two
events were adjusted so that the on-azimuth signal arrives 20 scconds 1ater
than the interfering event. Two array configurations were employed: the

7-element inner-ring array and the 19-element field array.

Using the 7-site inner ring array (sites 1 through 7) and with
the interfering-event azimuth shifted to 227. 64, the on-azimuth signal was

initially scaled so that the interfering event is 18. 8 dB above the on-azimuth

signal at the single-sensor level. Neither the beamsteer nor the adaptive




In order to compare the

processor achievea a o dB amphiude-rise value,
detection thresholds between the ABF and beamsteer processors, as was done
previously in the last two mixed-event simulations, the on-azimuth signal was

i scaled to 3.1 dB less than the interfering event at the single-sensor level so that
a 6 4B amplitude-rise value for the ABF beam could be achieved,  Figure I1-15
displays the beamsteer output, where a 0.9 dB amplitude rise occurred on the
composite-trace time-shift  nd-sum beam. The corresponding adaptive beams
for the convergence rate B - 0.5 are shown in Figure 1I-16, where a 6dn
amplitude rise occurred on the composite-trace output.  Among the time-shift-
and-sum beams in Figure II-15, the composite-trace on-azimuth signal 1s 3.9
dB less than on the upper trace, while in Figure IT-16 the composite-trace on-
azimuth signal amplitude is 0,2 dB less than that on the upper trace. Thercfore,
the ABF processing gain is mostly due to interfering event suppression.  In
order to achieve a 6 dB amplitude rise for beamsteering, the on-azimuth signal

has to be re-scaled so that itis 2.4 dB above the interfering event at the single-

sensor level, Figure I1-17 shows the beamsteer output for this case, Because

the input channels for the on-azimuth signal are higher than those of the inter-

fering event, the composite-trace on-azimuth signal is essentiatly equal to that

on the upper trace. Figure II-18 displays the corresponding adaptive beams,

L where the amplitude rise on the composite trace is 17.4 dB, In comparison
with the beamsteer detection threshold, adaptive beamforming is able to reduce
the deteetinn tevel by 5.5 dB, cquivalent to 0,28 magnitude units for this mixed

cevent with the inner-ring array.

A number of cases were processed for this mixed-event simula-
tion. Table I1-5 tabulates the amplitude-rise results using the 7-site inner-
. " . . ' . 0
ring arrav. In two cases, the interfering -event azimuth was shifted from 143, 69
o ; a0 : -
to 137.64 1o achieve a 90 azimuthal separation between the two events, In

two cases, an Ll-point filter length was compared with a 3l-point filter tength.

azimuthal separation, as indicated in the table, In addition to the 0.5-1.5 Hz

passband, 0,5-1.0 Hz and 1.0-3.0 Hz passbands were also used.  Among

None of these provided a higher ABF gain than a 3l-point {ilter with a180" !
|
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these passbands, the 0.5-1.5 Hz band produces the best results, as

shown in Table II-5. In this simulation, adaptive beamforming achieved a
substantial improvement relative to beam teering, This improvement can ke
attributed mostly to the poor beamsteer performance at that steer velocity
and passband. Figure II-19 shows the time-shift-and-sum beam pattern for
the 47. 6° steer azimuth and the 15,1 km/sec velocity at 1.0 Hz for the 7-site
inner-ring array and the 19-site full array. The 7-site pattern is almost cir-
cular with unity response at the look direction and has a -6 dB value, in con-
trast to -20 dB for the 19-site pattern in the interfering-event separation, It
reflects the low beamsteer array gain, which ranges from 3.6 dB to 8.4 dB

for the 2.4 dB to -18,8 dB event separations, as shown in Table 1I-5,

This mixed-event simulation was repeated using the 19 sites of
the full array as input channels. Figure I1-20 shows the time-shift-cad-sum
beams for the 0.5 - 1.5 Hz passband. By increasing the number of sites to
enlarge the apcerture of array, a beamsteer array gain of nearly 20 dB was
obtained. In contrast to the substantial ABF improvement relative to beam-
steering achieved by using the 7-site array, acaptive beamforming using the
19-site full array provided no improvemen! with respect to the beamsteer
results. Figure I1-21 shows the best ABF beams at the convergence rate
4= 0.1, where the amplitude rise on the composite trace is only comparable
with the beamsteer output. However, one may be able to see a gap between
the two event wavetrains on the adaptive composite-trace beam in Figure iI-21.
At the higher convergence rates, adaptive beamtforming attentnates the on-
azimuth signal rapidly so that the amplitude rise decreases.  The adaptive

beamformer, in order to minimize the power output, creates a waveform

o 3 | i
180 t of phase with the upper trace on the interfering-cvent beam output

and, as a result produces mutual cancellation on the composite trace.
Figure II-22 illustrates these situations for the ABF beams at the convergence
rate 4 = 0.5. In this mixed-cvent simulation, mutual cancellation appeared

in other passbands at high convergence rates, Table 1I-6 tabulates the
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KORERA
TIME-SHIFT-AND-SUM BEAM PATTERN
BEAM LOOK VELAQCITY IS 13.1, LOOK AZIMUTH 47.6
FREQUENCY IS 1.0 HZ, PERIOD 1.0  SECONDS

FIGURE II-19

INNER-RING AND FULL ARRAY BEAMSTEER RESPONSES
(7 Sites)
(PAGE | QF 2)
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KORER
TIME-SHIFT-AND-SUM BERM PATTERN
BEAM LOOK VELOCITY IS 15.1, LOOK AZIMUTH 47.6
FREQUENCY 1S 1.0 HZ, PERIOD 1.0  SECONDS

FIGURE 11-19

INNER-RING AND FULL ARRAY BEAMS IR RESPONSES
(19 Sites)
(PAGE 2 OF 2)
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amplitude-rise results for three passbands where only adaptive convergence

rates greater than 0.1 were specified in the simulation.

6. Fourth Mixed-Event Simulation

The 'ast mixed-event simulation was performed using the day
145 event from the south of Alaska as the on-azimuth signal and the day 169
event from off the coast of Hokkaido as the off-azimuth interfering event.
Roth the events have been used in the previous mixed-event simulations.
In this mixed-event simulation, fourteen sites were used (all but sites 1, 2, 5,
9 and 15). The start times for the two events were adjusted so that the on-
azimuth signal arrives 55 seconds after the arrival of the interfering event,
In the previous simulations, where adaptive beamforming out performed beam-
steering, the best adaptive processing results are usually at high convergence
rates. However, in this simulation, mutual cancellation occurred at high
convergence rates. As a result, the best adaptive processing results are
only comparable to those of beamsteering. Table II-7 tabulates the amplitude
rise results for the various processing parameters used. The 31-point adaptive
filter length produces the best results among tne tno2e filter lengths specified
for the 0 5-1.5 Hz passband. For the 1.0-2.0 Hz and 1.0 -3.0 Hz passbands,
the adaptive gains relative to beamsteering are only comparable to those of
the 0.5-1.5 Hz passband, but both the adaptive and beamstecer array gains
with respect to the single-sensor signal-to-noise ratio for these passbands are
about 9.0 dB higher than those of the 0.5-1.5 Hz passbands, as shown in the
table. For the 1.0-2.0 Hz and 1.0-3.0 Hz passbands, the beamsteer composite-
trace amplitude increased, because of the interfering-event energy, by about
1,8 dB relative to the upper trace. This fact suggests that the low beamsteer
array gain for the 0.5-1,5 Hz passband is due to the poor time-shift-and-sum

beam pattern for that passhand.
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D, SUMMARY

In the first mixed-event simulation, the adaptive amplitude
rise is about 2,0 dB higher than for beamsteering in most of the passbands
processed except for the 0.5-1.5 Hz passband, in which the on-azimuth signal
similarity is very poor. The adaptive processor can reduce the detection
threshold 0. 22 bodywave magnitude units on the basis of the mixed event single-
sensor amplitude ratios at which a 6 dB amplitude rise occurs on the beamsteer
and adaptive beam outputs. Adaptive beamforming is able to suppress the off-
azimuth interfering event prior to the on-azimuth signal arrival, but it seems
less effective in suppressing the off-azimuth event after the on-azimuth signal

passes the array, particularly in the case of wider passbands.

~ The second mixed-event simulation employs the same on-azimuth
signal as the first mixed-events and uses an off-azimuth interfering event with
better signal similarity and a shorter duration than the first interfering event.
The results are only slightly better than those of the first mixed-event simula-
tion. However, for the cases where the interfering event was shifted to a 90O
azimuthal separation relative to the on-azimuth signal and where a 7-point
adaptive filter length was used, a 0.55 m, detection threshold reduction occurred
with adaptive processing on the basis of the single-sensor signal-to-noise ratios

at which a 6 dB amplitude rise occurred on the beamsteer and adaptive outputs.

In the third mixed-event simulation, the processing was performed
using the 7-site inner-ring array and the 19-site full array. For the cases with
the 7-site inner-ring array, the beamsteer array gain relative to a single sensor
ranges from 3.6 dB to 8,4 dB, while the corresponding ABF array gain is from
12 dB to 20.4 dB. For the cases where beamsteering and adaptive beamforming
achieve a 6 dB amplitude rise¢, adaptive beamforming reduces the detection thres-
hold by 5.5 dB, or 0,28 m, units. For the cases with the 19-site full array in

the same mixed-event simulation, the best ABF amplitude rise is only close to,

but not better than, that of the beamsteer output.




The last mixed-event simulation resulted in situations where
mutual cancellation occurred on the adaptive beam outputs at high convergence
rates and, as a result, the adaptive detection performance is only cornparable
to that of beamsteering. The average adaptive detection gain relative to beam-

steering is about 0.6 dB for the five cases tried in this simulation,

In this mixed-«vent study, array processing gain is the differ-
ence between interfering-event suppression and signal degradation. For time-
shift-and-sum beamforming, the processing gain is a constant for a given
array configuration, steer velocity, passband, and look direction, and is

independent of the event-separation level between the mixed events involved.

Py G G ey e GEe  GE

However, in the case of signal degradation, the composite-trace signal ampli-
i tude was affected by addition or subtraction of interfering-event energy,

which could produce inaccurate magnitude estimates. For example, in

Table 1I1-2, the composite-trace beamsteer signal amnlitude is 3.4 dB higher
than that on the upper trace. This higher value is due to the addition of the
interfering event to the signal. For the optimum adaptive-beamforming pro-
cessor ir this case, both the upper trace and the composite trace have the same
amplitudes, as shown in Table II-2, where their ratio is 0 dB at g = 0.3. A=n

a consequence, the time-shift-and-sum beamformer registers a higher on-
azimuth signal magnitude, and, in contrast, the adaptive beamformer provides

an accurate measurement,

The results presented in this section are obtained from a maxi-
mum likelihood adaptive algorithm, where the design goal is to minimize the
i filter output power subject to unity-response constraints in the beam look direc-
i tion. The adaptive performance here is not as good as its performance for tong
period ALPA data. Better detection might be possible with a Wiener time-
domain adaptive algorithm, where the design goal is to minimize the mean

square difference between the filter output and the on-azimuth signal.
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SECTION III
CONCLUSIONS

In the mixed-event simulations presented in this report, two
data samples, one with an on-azimuth signal and the other containing an inter-
fering event, are summed to form a composite sample from which the adaptive
filter sets are designed and applied to the two samples individually. The out-
puts of the two samples are added to form the composite beam used in simu-
lating the actual situations encountered in practice. Amplitude-rise measure-
ments are made by taking the ratio of the composite-trace maximum peak-to-
peak amplitude after the signal arrival to the corresponding amplitude before

the signal arrival.

The results vary from case to case. The following points sum-

marize the results:

° In the first mixed-event simulation,where the interfering event
has poor waveform similarity and time-varying relative ampli-
tudes across the array, a 0, 2 m, detection threshold reduction
with respect to the beamsteer level was obtained by adaptive
beamforming. The second simulation uses the same on-azimuth
signal as in the first and employs an off-azimuth interfering
event with better waveform similarity. The results are slightly

better than those of the first simulation. However, with a 7-

2 : q o g :
point long adaptive filter and with a 90 azimuthal separation be-

tween the two events, adaptive beamforming sas able to reducec

the detection threshoid by 0. 5 m_ units from the beamsteer level.

b
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Using the 7-site inncr-ring array (sites 1 through 7), a detec-
tion threshold reduction of about 0.3 magnitude units relative

to beamsteering was achieved in the third mixed-event simula-
tion. In this case, the adaptive gain can be attributed to the
poor time-shift-and-sum beam pattern. With the 19-site full
array in this same simulation, the adaptive-processing results
are only comparable to those of beamsteering because mutual
cancellation occurs at high convergence rates. The last mixed-
event simulation only produces comparable results between the
adaptive and beamsteer processors due to the occurrence of

mutual cancellation at high convergence rates.

The beamsteer array gain relative to the single-sensaor level is
more affected by addition or subtraction of interfering-event
energy than that of adaptive beamforming in this mixed-event
study. As the event-separation level increases, the array gain
tends to increase. For on-azimuth signal magnitude estimates,
the adaptive-beamforming processor seems to produce more

accurate results than beamsteering.

Among the various passbands used, the I-Hz-wide prefilter
passband yiclded the best results.  The adaptive gain for various
passbands is comparable as long as signal similarity does not
vary significantly among the passbands. After the arrival of

the on-azimuth signal, adaptive beamforming tends to suppress

the off-azimuth interfering event less with the wider passbands.

In these short-period P-wave mixed-event simulations, both *ne
beamsteer and adaptive proc.=ssors did not perform as well as
in the long-period mixed-event simulation using ALPA data,
particularly in the case of the adaptive processor. Signal simi-

larity for the short-period P-wave signals from the spring 1973




Korea data is not as good as for the Rayleigh waves processed
in the long-period study. Therefore, adaptive beamforming
performs much better for the long-period Rayleigh waves than

for the short-period P-waves.

In the spring of 1973, the Korean short-period arra data
appeared to have some digitizer problems. Whether these problems have signifi-
cant effects on the results presented in this report is still not known. The digiti-
zer problems seem to be corrected in the November 1974 data. On the basis
of a limited number of samples, the data quality during this period seems to
have been greatly improved and seems to have better signal similarity across
the array. Repeating this work with the November 1974 data might produce

significantly better detection results.

-
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